2 7
Overlapping links produced by the three separate methodologies (Figure 1 ) were merged to 1 1 0 create a single set of preprint-published article DOI links. In rare cases of disagreement 1 1 1 between methodologies (e.g. where the published paper DOI identified via the bioRxiv 1 1 2 website differed to that identified via Crossref or our Scopus fuzzy-matching methodology), 1 1 3 we prioritised the record from the bioRxiv website, followed by the Crossref record, with our 1 1 4
Scopus fuzzy-matching methodology as the lowest priority. We discovered a small number of 1 1 5 1 3 8 greater than zero. We therefore generated a control group that matches our bioRxiv-deposited 1 3 9 group in terms of journals and article ages. within large multidisciplinary journals (e.g. PLOS One, Scientific Reports), as it would be 1 4 2 unwise to match a biology-focused article with an article from another discipline with 1 4 3 drastically different publication and citing behaviours. For articles published in 1 4 4 multidisciplinary journals, we therefore conducted an additional procedure prior to sampling, 1 4 5 in which articles in both the bioRxiv-deposited and control groups were re-classified into 1 4 6
Scopus subject categories based on the most frequently cited subject categories amongst their extract all citing articles and retrieve their Crossref created-date, to allow us to aggregate 1 7 3 monthly citation counts. A consequence of this approach is that the maximum citation period of an article is variable, limited by the length of time between its publication, and the end of We additionally extracted records of articles directly citing preprints. Since preprints are not 1 8 0 themselves indexed in Scopus, we utilised the Scopus raw reference data, which includes a 1 8 1 'SOURCETITLE' field including the location of the cited object. We queried the 1 8 2 SOURCETITLE for entries containing the string 'biorxiv' (case-insensitive, partial matches), 1 8 3 and retrieved a total of 4,826 references together with metadata of their Scopus-indexed citing 1 8 4 articles. References were matched to preprints via fuzzy-matching of titles and/or direct 1 8 5 matching of DOIs, although DOIs were only provided in a minority of cases. In total 4,387 1 8 6 references (90.9 %) could be matched to a bioRxiv preprint. reads were retrieved for all deposited and non-deposited articles, as well as for preprints To investigate the influence of additional factors on a citation or altmetric differential between 1 9 8 bioRxiv-deposited and non-deposited papers, we conducted regression analysis on citation of first and last authors of non-deposited articles had a US-based affiliation. The academic age of the first and last author of an article, used as a proxy for academic 2 2 7 seniority, was determined from the difference between the publication year of the paper in limitations to this approach, for example we may not detect authors who publish preferentially 2 3 0 in edited volumes not indexed in Scopus, the year of first publication has be found to be a 2 3 1 good predictor for both the academic and biological age of a researcher in multiple subject we retrieved authors' publication histories using the Scopus author ID, an identifier assigned co-authorships (Moed et al., 2013) . The algorithm aims at higher precision than recall; that is 2 3 7 to say, articles grouped under the same author ID are likely to belong to a single author, but 2 3 8
the articles of an author may be split between multiple author IDs. Author gender was inferred using the web service Gender API (https://gender-api.com).
4 0
Author first names were extracted from Scopus and stripped of any leading or trailing initials 2 4 1 (e.g. "Andrea B." would become "Andrea"). Gender API predicts gender using a database of localization, which we included from our previously defined dataset of author countries. Gender assignments are returned as "male", "female", or "unknown". Where localized queries 2 4 6 returned "unknown", we repeated the query without the country parameter. For our data, we Depositions of preprints to bioRxiv grew exponentially between November 2013 and 2 5 8
December 2017 ( Figure 2 ). Of the 18,841 preprints posted between 2013 and 2017, our 2 5 9 matching methodology identified 12,767 preprints (67.7 %) that were subsequently published 2 6 0 in peer reviewed journals. This is a slightly higher rate than the 64.0 % reported by Abdill and Blekhman (2019), which may be due to our analysis occurring later (thus allowing more time 2 6 2 for preprints to be published), as well as our more expansive matching methodology which 2 6 3 did not rely solely on publication notices on the bioRxiv websites. These results from bioRxiv and publication in a journal. The stability of the proportion of bioRxiv preprints that 2 6 8 proceeded to journal publication between 2013 and 2016 additionally suggests that the rapid 2 6 9 increase in the number of preprint submissions was not accompanied by any major decrease 2 7 0 in the quality (or at least, the 'publishability') of preprints over this time period. The median delay time between submission of a preprint and publication was found to be 154 can likely be explained by the different points of publication used -whilst we used only the 2 7 7
Crossref 'created-date', Abdill and Blekhman (2019) prioritised the 'published-online' date, 'created-date' as a final option. It should be noted that neither of these calculated delay times 2 8 0 is representative of the average review time of a manuscript submitted to a journal, as authors 2 8 1 may not submit their manuscript to a journal immediately on deposition of a preprint, and 2 8 2 manuscripts may be subject to several rounds of rejection and resubmission before 2 8 3 publication. Nonetheless, the delay time calculated by both our approach and that of Abdill For the time period November 2013 to December 2017, we retrieved a total of 47,169 2 9 0 citations to journal articles that were previously deposited to bioRxiv, versus 29,298 citations 2 9 1 to articles in our non-deposited control group. These numbers give a crude citation advantage 2 9 2 of bioRxiv-deposited articles of 61.0 % over non-deposited articles published in the same 2 9 3 journal and month. A similar crude citation advantage of bioRxiv-deposited articles was also 2 9 4
reported by Serghiou and Ioannidis (2018), despite the usage of different citation data sources 2 9 5
-in our study we use citation data derived from Scopus whilst Serghiou and Ioannidis (2018) 2 9 6 use citation data derived from Crossref. A recent analysis has found similar overall coverage To explore how the bioRxiv citation advantage develops over time following publication, we 3 0 2 compared average monthly citations per paper (Cpp) for each group for the 36 months for each article, and then counts were log-transformed to normalize the data and reduce the 3 0 5
influence of papers with high citation counts (following Thelwall (2016) and Ruocco et al. articles within a group:
We limited our citation window to 36 months due to the small number of articles that were 3 0 9
published sufficiently early in our analysis to allow longer citation windows. In general terms,
we observe an acceleration of the citation rates of both groups within the first 18 months higher than the control group. The stability of the citation differential between bioRxiv-deposited and non-deposited articles 3 2 4
after 18 months means that we cannot attribute the citation advantage solely to an early access 3 2 5 effect, where articles with preprints receive a short-term acceleration in citations due to their 3 2 6 earlier availability and thus longer period to be read and cited. If this were the case we would 3 2 7 expect citation rates of both groups to converge after a period of time, as was reported by 3 2 8
Moed (2007) in the context of preprints deposited to ArXiv's Condensed Matter section. In remaining higher than non-deposited articles for >5 years following publication. An alternative explanation for the citation advantage of bioRxiv-deposited articles is that of a 3 3 6
quality effect, which can be manifested either as a quality bias driven by users self-selecting We test for a quality advantage through a secondary analysis in which articles were divided Manor, Carey; 2014), and can thus be considered as a proxy for researchers' perception of the 3 5 4
highest quality outlets to submit their work, i.e. an author is more likely to submit their previously, within each IF quartile (Figure 4 ). We observe that the absolute citation advantage In addition to retrieving citations to journal articles, we also retrieved details of 4,387 3 7 1 citations made directly to preprints themselves. Of these, 2,107 citations were made to 3 7 2 preprints that were subsequently published as journal articles, whilst the remaining 2,280 3 7 3
citations were made to preprints that remain unpublished. Figure 5 shows a comparison 3 7 4
between the Cpp of preprints that have subsequently been published in journals, and those that 3 7 5 remain unpublished, for a 24 month citation window following deposition of the preprint. Citations to preprints that have been published increase sharply in the first 6 months following preprints (Brown, 2001; Henneken, 2007; Larivière, 2014) . It is interesting to note that in the 3 8 0 early months following deposition, unpublished preprints are not cited any less than their 3 8 1 published counterparts, and continued to accrue citations many months after deposition, even example, only adopted a policy allowing scientists to cite preprints in grant applications in lists (see, e.g. Stoddard and Fox (2019)). Although the number of citations to bioRxiv 3 8 8 preprints is still dwarfed by those to journal articles (the Cpp of preprints is more than an 3 8 9
order of magnitude less than the Cpp of the respective publisher papers), the growing 3 9 0 willingness of authors to cite unreviewed preprints may factor into ongoing debates 3 9 1 surrounding the role of peer review and maintaining the integrity of scientific reporting. 3 9 8 Figure 6 shows the distribution of monthly citation rates to preprints as a function of time Altmetric data were retrieved from Altmetric.com and aggregated for all bioRxiv-preprints, bioRxiv-preprints is in large part due to the automatic tweeting of newly published bioRxiv- we cannot discount automatic tweeting by publishers, journals or individuals for the other Wikipedia mentions and Mendeley reads, for bioRxiv-preprints, bioRxiv-deposited articles counts of tweets and blog mentions were broadly similar in bioRxiv-preprints and bioRxiv- Wikipedia. This may suggest that whilst bioRxiv preprints are widely shared in 'informal' outlets where peer-reviewed articles remain the preferred source. In a similar vein to our previous citation analysis, we conducted a secondary analysis for for journal articles, we cannot extend these findings to compare downloads between bioRxiv-4 5 5
deposited and non-deposited articles. As with our citation analysis, the absolute differences in 4 5 6 altmetric counts between the bioRxiv-deposited and non-deposited articles vary greatly 4 5 7
between IF categories, but the relative differences remain relatively similar, indicating that 4 5 8
there is also no general quality effect driving the bioRxiv altmetric advantage. Results in the previous sections suggest a sizeable citation and altmetric advantage of to determine the effect of bioRxiv deposition on citations and altmetrics when controlling for 4 7 3 multiple explanatory variables (summarised in Table 1 ). These explanatory variables are not or the quality of the authors themselves. Thus, we refrain from claiming a definitive causative 4 7 8 relationship between bioRxiv deposition and a citation or altmetric advantage. However, these 4 7 9
variables may help to shed some light on factors which influence citation or altmetric 4 8 0 differentials, which may be considered and explored in future studies. 4 8 1 articles that were deposited to bioRxiv, and those that were not. Articles deposited to bioRxiv 4 8 5
are more likely to subsequently be published under an OA license than non-deposited article.
8 6
Here we used the most inclusive categorisation of OA provided by Unpaywall, and did not 4 8 7
distinguish between types of OA such as Gold and Green OA. However, given that our two and/or funding policies in the US encouraging the deposition of preprints. Median academic 5 0 3 age for both groups was found to be similar for first authors, but last authors were slightly 5 0 4 younger in the bioRxiv-deposited group than the non-deposited group, indicating that 5 0 5
preprints may be a phenomenon driven more by the younger generation of scientists. Female 5 0 6
authors were found to be underrepresented compared to male authors for both groups, 5 0 7
although the imbalance was greater in the bioRxiv-deposited group than the non-deposited were female, only 12.5 % of those who state they always or often post to preprint servers were 5 1 5
female (Foster et al., 2017) . Model parameters for regression analysis on citation counts using 6, 12 and 24 month citation 5 1 7
windows are summarised in Table 2 . Note that for regression analysis on citation data, our had a sufficient citation length within our period of analysis. Where values were missing (e.g.
2 0
when we were unable to determine the gender of an author), we removed both the bioRxiv-5 2 1 deposited and matched non-deposited articles from our analysis, to maintain balance of 5 2 2 publication ages between groups. We interpret significance at the p<0.005 level, following the For all three citation windows, the bioRxiv-deposited status, IF, OA status, author count and 5 2 5
review article status were found to be significant predictors of citations. For 12-month 5 2 6
citations, the first author gender was also found to be a significant predictor, and for 24-month citations the country of the first and last author (US or not US) were additionally found to be 5 2 8 significant predictors. First and last author academic age, and the gender of the last author did not significantly predict citation counts in any of the citation windows. N = 1,838 These results clearly demonstrate that any attempts to quantify a citation advantage of a single 5 4 7
platform or repository such as bioRxiv need to carefully consider other factors influencing 5 4 8 citation counts in their analyses.
4 9
Model parameters for regression analysis on altmetrics are summarised in Table 3 . For all suggest that bioRxiv deposition has the largest impact on tweets -bioRxiv deposited articles 5 5 5 received 93 % more tweets when controlling for the set of explanatory variables than non- results show that bioRxiv-deposited articles are shared significantly more in online 5 6 0 communities than non-deposited articles, even when controlling for multiple factors related to 5 6 1 the article and its authorship.
6 2
Our regression results reveal several other interesting differences in the behaviour of altmetric reviewing and summarising previous knowledge are highly shared amongst networks of 5 6 7 academics, they are not deemed particularly 'newsworthy' in comparison to more original 5 6 8
research. With respect to author academic ages, both first author academic ages are found to 5 6 9 positively predict mentions in tweets and blog feeds, but conversely the last author academic 5 7 0 ages negatively predict mentions and tweets. Gender is found to have no significant effect on and should thus be considered in isolation (instead of, e.g., aggregated Altmetric.com scores) 5 7 8
in future studies attempting to understand the relationship between altmetrics and preprint 5 7 9 deposition behaviour. 5 8 0
Conclusions

8 1
We have found empirical evidence that journal articles which have previously been posted as 5 8 2 a preprint on bioRxiv receive more citations and more online attention than articles published 5 8 3
in the same journals which were not deposited, even when controlling for multiple 5 8 4 explanatory variables. In terms of citations, the advantage is immediate and long-lasting -5 8 5 even after three years following publication, bioRxiv-deposited articles continue to accrue 5 8 6 citations at a higher rate than non-deposited articles. Our finding of a preprint citation 5 8 7
advantage is in agreement with previous research conducted on arXiv, suggesting that there 5 8 8 may be a general advantage of depositing preprints not limited to a single long-established 5 8 9
repository. More research is needed to establish the exact cause of the citation and altmetric 5 9 0 advantage. However, our results do not implicate a clear early access or quality effect in 5 9 1 driving this advantage, which may point to access itself being the driver. Further research 5 9 2
should dive deeper into understanding motivations of researchers to deposit their articles to 5 9 3 bioRxiv, for example through qualitative survey and interviews, which will shed light on 5 9 4 factors related to author bias and self-selection of articles to deposit.
9 5
We additionally investigated longitudinal trends in citation behaviour of preprints themselves, finding that preprints are being directly cited regardless of whether they have been published 5 9 7
in a peer-reviewed journal or not, although there is a strong preference to cite the published still dominate, suggesting that there remains some reluctance to promote un-reviewed 6 0 1 research to public audiences. In the continuing online debates surrounding the value of
